Previously, we selected bacterial strain ISE14 through a sequential selection procedure that included radicle, seedling, and in planta assays and field tests. This strain not only suppressed a destructive soilborne disease, Phytophthora blight, caused by Phytophthora capsici but also increased fruit yields of pepper plants in the fields. This study was conducted to identify strain ISE14 by 16S rRNA gene sequence analysis and to characterise biocontrol and plant growth promotion activities of the strain in pepper plants. Strain ISE14, identified as Chryseobacterium sp., significantly reduced disease severity in plants inoculated with Ph. capsici and promoted plant growth (lengths and dry weights of shoots and roots) compared with those in plants treated with Escherichia coli DH5 (negative control) or MgSO 4 solution (untreated control). This strain effectively colonised pepper plant roots as assessed by bacterial population analysis and confocal laser scanning microscopy; it enhanced soil microbial activity and biofilm formation, but not the production of indole acetic acid. Strain ISE14 also solubilised organic or inorganic phosphate by production of acid and alkaline phosphatases or reduction in pH, resulting in enhanced pepper plant growth. This strain exhibited similar or greater activity in disease control and plant growth promotion tests compared with positive control strains Paenibacillus polymyxa AC-1 (biocontrol) and Bacillus vallismortis EXTN-1 (plant growth). Therefore, Chryseobacterium sp. ISE14 may be a phosphate-solubilising and plant growth-promoting rhizobacterium (PGPR) strain that suppresses Phytophthora blight of pepper. To our knowledge, this is the first report of a phosphate-solubilising PGPR strain of Chryseobacterium sp. that suppresses the pepper disease.
Introduction
Plant-associated microorganisms, including plant growth-promoting rhizobacteria (PGPR), are capable of stimulating plant growth and controlling plant diseases (Compant et al., 2005) . Plant disease control and growth promotion may occur as a result of the microbial colonisation of roots or rhizospheres, or the microbial production of secondary metabolites such as antibiotics and phytohormones (Sang & Kim, 2014; Khabbaz et al., 2015) . In particular, plant growth promotion by beneficial microorganisms may result from the prevention or inhibition of deleterious microorganisms or soilborne plant pathogens, or from nutrient uptake following mineralization or solubilisation of organic and inorganic phosphates, nitrogen fixation and phytohormone production (Dodd et al., 2010; Mehta et al., 2013) .
Phosphorus (P) is the second most important element after nitrogen (N) that serves as a mineral nutrient for plant growth; however, it usually exists in unavailable forms that are fixed by free oxides and hydroxides of aluminium and iron in acidic soils and by calcium in alkaline soils (Rodríguez & Fraga, 1999) . Most phosphate added during agricultural practice rapidly flows into waters, thereby polluting both soil and water, or is converted into insoluble forms; consequently, little added phosphate in soil is available to plants (Shigaki et al., 2006) . As an alternative strategy for promoting plant growth, beneficial microorganisms with the ability to solubilise phosphates in soil have been identified (Pérez et al., 2007) . Phosphate-solubilising microorganisms can produce acid and alkaline phosphatase and organic acids that can convert insoluble phosphates to soluble forms (Sharma et al., 2013) . Plants can absorb the soluble phosphates produced by phosphate-solubilising microorganisms, resulting in enhanced plant growth (Hamdali et al., 2008; Mehta et al., 2013) .
Phosphate-solubilising microorganisms are known to belong to the genera Achromobacter, Aereobacter, Agrobacterium, Bacillus, Burkholderia, Erwinia, Flavobacterium, Microccocus, Pseudomonas and Rhizobium. Among these, bacterial strains in the genera Bacillus, Pseudomonas and Rhizobium are considered the most effective phosphate solubilisers (Rodríguez & Fraga, 1999) . In Korea, phosphate-solubilising bacterial strains belonging to the genera Enterobacter, Klebsiella and Pantoea have frequently been isolated from crop rhizosphere soils (Chung et al., 2005) . However, microorganisms in the genus Chryseobacterium have rarely been reported as phosphate solubilisers (Singh et al., 2013) . The genus Chryseobacterium, previously reclassified from the genus Flavobacterium (Vandamme et al., 1994; Bernardet et al., 1996) , are non-motile, yellow-pigmented, rod-shaped, Gram-negative and ubiquitous in plants, soil and water (Benmalek et al., 2010; Montero-Calasanz et al., 2013; Sang et al., 2013; Jeong et al., 2017) . Interestingly, several Chryseobacterium spp. could promote plant growth or show biocontrol activity against soilborne plant pathogens (Kim et al., , 2012 Sang et al., 2013; Singh et al., 2013) , similar to the effects observed for Flavobacterium johnsoniae (Sang & Kim, 2012a) . Recently, Chryseobacterium genome sequences were reported, and several genes related to biocontrol activity (motility ability, biofilm formation, enoyl-CoA hydratase, polyketide cyclase and thiazole), abiotic or biotic stress management (superoxide dismutase, hydrogen peroxidase and catalase) and plant growth promotion (ammonia, siderophores, urease, indole acetic acid (IAA) and phosphate solubilisation) were identified (Jeong et al., 2016a (Jeong et al., , 2016b (Jeong et al., , 2016c .
Pepper (Capsicum annuum L.) is one of the most economically important vegetable crops worldwide, including in Korea. However, crop yields and quality are significantly limited by Phytophthora blight caused by the soilborne oomycete Phytophthora capsici (Hausbeck & Lamour, 2004) . Chemical control of this destructive disease has been often shown to inhibit the disease development; however, it may sometimes result in an unsatisfactory outcome due to rapid reproduction, zoospore dissemination, and oospore persistence of Ph. capsici, as well as the occurrence of fungicide resistance (Lamour & Hausbeck, 2000) . Moreover, application of agricultural chemicals might be harmful or hazardous to plants, animals including humans and the environment. Therefore, biological control of plant diseases such as Phytophthora blight of pepper using beneficial and antagonistic microorganisms (Sang et al., 2011; Mannaa et al., 2017) is regarded as a promising alternative measure to agricultural chemicals. In general, antagonistic microorganisms used for disease control effectively colonise plant roots and protect infection courts against soilborne plant pathogens (Albareda et al., 2006; Barahona et al., 2011; Sang & Kim, 2014) . Therefore, it is important to understand the biocontrol activity of antagonistic microorganisms, including their ability to colonise roots, and related characteristics such as biofilm formation and soil microbial activity.
Previously, we selected bacterial strain ISE14 through a sequential selection procedure that included radicle, seedling, and in planta assays and field tests . This strain not only suppressed Phytophthora blight in pepper plants but also increased fruit yields in the fields. The objectives of this study were to: (a) identify strain ISE14 by 16S rRNA gene sequence analysis; (b) examine biocontrol and plant growth-promoting activities of strain ISE14 in relation to soil microbial activity, biofilm formation, IAA production and phosphate solubilisation; and (c) evaluate root colonisation by bacterial population analysis and confocal laser scanning microscopy in a gnotobiotic system.
Materials and methods

Bacterial strains
Bacterial strain ISE14 [previously, this strain was tentatively designated as Chryseobacterium indologenes ], which is a PGPR suppressive to Phytophthora blight of pepper, was isolated from a cucumber root in Iksan, Korea . In this study, Paenibacillus polymyxa AC-1 (Topseed ® , Green Biotech Co., Seoul, Korea) and Bacillus vallismortis EXTN-1 (EXTN ® , Dongbu HiTech Co., Seoul, Korea) were used as positive biocontrol and plant growth controls, respectively. In addition, Escherichia coli DH5 and 10 mM MgSO 4 solution were used as negative and untreated controls, respectively. Unless otherwise stated, all strains were prepared in nutrient agar (NA) or nutrient broth (NB) at 28 ∘ C, except for E. coli DH5 that was incubated at 37 ∘ C, as described by Kim et al. (2008) .
16S rRNA gene sequencing
For the 16S rRNA gene sequence analysis, genomic DNA (gDNA) was extracted from strain ISE14 using the method of Pospiech & Neumann (1995) . The 16S rRNA gene was amplified from the bacterial gDNA using universal primers fD1 (5 ′ -AGAGTTTGATCCTGGCTCAG-3 ′ ) and rP2 (5 ′ -ACGGCTACCTTGTTACGACTT-3 ′ ) (Weisburg et al., 1991) . Polymerase chain reaction (PCR), DNA sequencing and phylogenetic analysis were conducted as described by Kim et al. (2009) . The 16S rRNA gene sequence of strain ISE14 (1442 nucleotides) was analysed and compared with that of species within the same genus using EzBioCloud (Yoon et al., 2017) . A phylogenetic tree was constructed using the neighbour-joining method, in which the relationship was also found in trees obtained by maximum-likelihood and maximum-parsimony algorithms (Fitch, 1971; Saitou & Nei, 1987) . The topology of the tree was examined by conducting a bootstrap analysis with 1000 replications (Felsenstein, 1985) .
Biocontrol activity and plant growth promotion
Biocontrol activity and plant growth promotion by the bacterial strains were tested using susceptible pepper (cv. 'Nockwang') plants grown under normal conditions. To examine Ph. capsici biocontrol by the tested strains, pepper plants were grown in a room with 16-h of fluorescent light per day. Bacterial suspension and inoculum preparation, as well as pathogen inoculation, were conducted according to the procedures of Kim et al. (2008) . Briefly, pepper plants were grown for 4 weeks in 10-cm-diameter plastic pots with 50 g of potting mix [peat moss (Acadian Peat Moss Ltd., Lamègue, New Brunswick, Canada) and TKS2 (Floragard Product, Oldenburg, Germany), 1:1.5, v/v). The plants were then root-drenched with the bacterial suspension (10 8 cells g −1 dry weight potting mix) suspended in 10 mM MgSO 4 solution or the MgSO 4 solution (untreated control). A week later, these plants were inoculated with Ph. capsici (25 zoospores g −1 dry weight potting mix). Disease severity was evaluated on a 0 (symptomless)-to-5 (plants dead) scale (Kim et al., 2012) 13 and 14 days after inoculation in repeated experiments with 10 replicates per treatment.
To assess plant growth promotion by the tested strains, 2-day germinated pepper seeds were sown in pots containing the same potting mix and grown for 2 weeks as described above. Then, the seedlings were root-drenched with the bacterial suspensions (10 8 cells g −1 dry weight potting mix) or the MgSO 4 solution and further grown under the same conditions. The plants were watered in the same amounts per pot as needed. At 2 weeks after treatment (WAT), plants were harvested, roots were washed with water, and primary root and shoot lengths (cm) were measured. Root and shoot dry weights (mg) were also determined after drying at 60 ∘ C for 7 days. This experiment was conducted twice with five replicates per treatment.
Bacterial root colonisation in a gnotobiotic system
Bacterial colonisation of pepper (cv. 'Nockwang') roots to protect infection courts against Ph. capsici was tested using a gnotobiotic system (Simons et al., 1996; Sang & Kim, 2014) . Briefly, 2-day-germinated seeds were surface-sterilised with 1% NaOCl for 2 min, rinsed with sterile distilled water and blotted on sterile filter papers. Then, the seeds were immersed for 3 h in a bacterial suspension (10 8 cells mL −1 ) or the 10 mM MgSO 4 solution. The seeds treated with bacteria were sown in sterile bottles (5 cm in diameter × 10 cm high) [three seeds (sub-sample) per bottle (replicate)] containing sterile quartz sand with 10% (v/w) nutrient solution (Hoffland et al., 1989) . The bottles were transferred to a growth chamber (20 ∘ C, 70% relative humidity, 16-h fluorescent light per day). A seedling was randomly sampled from each bottle at 2 and 4 weeks after seeding and cut into three segments: basal, mid and distal root (including the tip) segments. These segments were placed in 10 mL of 10 mM MgSO 4 solution and shaken (160 rpm) at 28 ∘ C for 30 min. An aliquot (200 L) of each suspension from serial dilutions was spread on NA. After incubation for 48 h at 28 ∘ C, bacterial colonies were counted and expressed as colony-forming units (CFU) cm −1 length of root segments. This experiment was conducted twice with five replicates per treatment.
Preparation of gfp-tagged bacterial strains
Bacterial strains tagged with gfp encoding green fluorescent protein (GFP) were prepared to observe bacterial root colonisation under a confocal laser scanning microscope (CLSM). The gfp-expressing E. coli DH5 [containing the plasmid gfp (pGFP)] was obtained from Agricultural Microbiology Division, National Institute of Agricultural Science, Rural Development Administration, Wanju, Korea, and grown for 18 h in 5 mL of Luria-Bertani (LB) medium supplemented with ampicillin (50 g mL −1 ). Transformation between the gfp-expressing E. coli DH5 and each tested strain was performed using a mating technique. The tested strains and gfp donor strain were cultured separately in 5 mL of LB medium for 18 h, and 1.5 mL of each culture was centrifuged at 10 000 g for 5 min. The supernatants were then discarded, and the pellets were washed three times with 1 mL of 0.1× LB medium by centrifugation and then resuspended in the same medium. The gfp donor strain (300 L) was mixed with each tested strain (700 L) and centrifuged at 10 000 g for 5 min. The supernatants were discarded and the pellets were resuspended in 1 mL of 0.1× LB medium. These mixed cells (50 L) were further incubated at 28 ∘ C for 6 h and transferred to a 1.5-mL microcentrifuge tube containing 1 mL of 0.1× LB medium. After dilution of the cell suspension, aliquots (100 L) were spread on 0.1× LB amended with ampicillin (100 g mL −1 ) and 45 mM ferrous sulphate, and the plates were incubated at 28 ∘ C. The resulting transconjugants were confirmed by PCR using the primers gfp-
Cultures from a single positive colony from each tested strain were used for further experiments.
Confocal laser scanning microscopy observations for bacterial root colonisation
To observe root colonisation by the gfp-tagged strains or 10 mM MgSO 4 solution, distal root specimens were prepared as described for use in the gnotobiotic system. At 0, 3 and 7 days after treatment (DAT), distal root segments were prepared under a stereo microscope and transferred to cover slips. The specimens were examined using an inverted Leica CLSM (LSM 5 Exciter, Carl-Zeiss, Oberkochen, Germany) equipped with an argon laser for GFP visualisation (excitation, 488 nm; emission, 501-540 nm). At the same time, at each DAT, distal root segments were placed in 10 mL of 10 mM MgSO 4 solution and shaken (160 rpm) at 28 ∘ C for 30 min. Then, bacterial populations were counted and expressed as described above. This experiment was conducted twice with three replicates per treatment.
Total microbial activity
Total microbial activity by each of the tested bacterial strains or 10 mM MgSO 4 solution was determined by assessing the hydrolysis of fluorescein diacetate (FDA) by esterases, lipases and proteases as described by Schnürer & Rosswall (1982) . Briefly, pepper (cv. 'Nockwang') seedlings were grown in 128-cell (3 cm × 3 cm × 5 cm) plug trays filled with potting mix in a growth room under 16-h fluorescent light at 28 ∘ C for 3 weeks. Then, the seedlings were transplanted into 10-cm-diameter plastic pots with saucers containing 250 g of steam-sterilised soil (90 ∘ C for 1 h, twice). A week later, the bacterial suspensions (10 8 cells g −1 dry weight soil) or 10 mM MgSO 4 solution were drenched into the soils. After 2 WAT, the soils were analysed for total microbial activity. The microbial activity was determined at OD 490 using a spectrophotometer (Amersham Biosciences Ultrospec ® , Cambridge, UK) and expressed as g hydrolysed FDA min −1 g −1 dry weight soil. This experiment was conducted twice with three replicates per treatment.
Biofilm formation and indole acetic acid production
Biofilm formation by the tested bacterial strains was assessed in 96-well polyvinyl chloride microtiter plates (Fischer Scientific, Pittsburgh, PA, USA) (O'Toole et al., 1999) . Bacterial strains were grown at 28 ∘ C in the microtiter plates containing biofilm formation medium [BFM; LB medium supplemented with 0.15 M (NH 4 ) 2 SO 4 , 100 mM potassium phosphate (pH 7), 34 mM Na 3 C 6 H 5 O 7 , 1 mM MgSO 4 and 0.1% (w/w) glucose]. The strains (100 L of 10 4 cells mL −1 ) diluted in BFM or BFM alone (untreated control) were incubated under stationary conditions. At 48 h after incubation, cells adhering to the wells were stained with 0.1% (w/v) crystal violet and absorption was measured at OD 595 using a microplate spectrophotometer (BioTek, Powerwave XS, Winooski, VT, USA). At the same time, bacterial growth expressed as CFU mL −1 in the BFM was determined as described above. In addition, IAA production by the bacterial strains was assessed according to the method of Bric et al. (1991) . The IAA concentrations in the bacterial cultures were determined using a standard curve of IAA (Sigma-Aldrich, St. Louis, MO, USA) at optical density 530 using a spectrophotometer. The experiments were conducted twice with seven replicates per treatment for biofilm formation tests and five replicates per treatment for IAA production tests.
In vitro phosphate solubilisation and phosphatase activity under P-deficient and -sufficient conditions
To initially assess phosphate solubilisation, the tested bacterial strains were assayed on National Botanical Research Institute P (NBRIP) medium containing insoluble tri-calcium phosphate (Nautiyal, 1999) . Sterile paper discs (Whatman No. 1; 8 mm in diameter) soaked in each bacterial suspension (10 8 cells mL −1 ) were prepared as described above, placed on NBRIP medium and incubated at 28 ∘ C for 7 days. Diameters (mm) of clear halo zones were measured as an indicator of phosphate solubilisation. This experiment was conducted twice with seven replicates per treatment.
To quantitatively assess phosphate solubilisation by the tested strains, production of water-soluble phosphates was determined on TRP medium (100 mM Tris-Cl (pH 8.0)-buffered medium with rock phosphate as the sole P source) as the P-deficient condition (Gyaneshwar et al., 1998) or M9 minimal medium as the P-sufficient condition (Sambrook & Russell, 2001) . Each bacterial suspension (0.5 mL of 10 8 cells mL −1 ) was inoculated into 50 mL of TRP medium or M9 minimal medium and incubated in a rotary shaker (120 rpm) at 28 ∘ C. At 0, 1, 2, 3, 4 and 5 days of incubation, 4 mL of TRP or M9 medium was centrifuged at 5000 g for 10 min, and the supernatants were filtered through a sterile 0.2-m Millipore membrane (Millipore Corporation, Billerica, MA, USA). The pH of each cell-free supernatant was measured after being allowed to settle for 15 min at room temperature. TRP or M9 medium inoculated with 10-mM MgSO 4 solution was used as a control. Water-soluble phosphates produced by the strains were assayed using the ascorbic acid method (Fiske & Subbarow, 1925) and levels were determined at OD 880 using a spectrophotometer. In addition, acid and alkaline phosphatase activities were determined using the same 5-day incubated cultures. Phosphatase activity was assayed using the procedure of El-Tarabily et al. (2008) and levels were determined at OD 410 using a spectrophotometer. This experiment was conducted twice with five replicates per treatment.
In vivo plant growth, soluble phosphate and biocontrol activity under P-deficient and -sufficient conditions To assess plant growth and soluble phosphate under P-deficient and -sufficient conditions, plastic pots (10 cm in diameter) filled with 50 g of peat moss were prepared, in which nitrogen (7.62 mg per pot) and potassium (2.5 mg) in the form of urea and potassium sulphate, respectively, as well as micronutrients [Fe (5.50 mg), Mn (2.28 mg) and Zn (2.28 mg)] were applied (Kumar et al., 2001) . Soluble phosphate (3.6 mg) or insoluble rock phosphate (30% P, 0.36 mg) was added to the pot soils to generate P-sufficient or -deficient condition. Two-day germinated pepper (cv. 'Nockwang') seeds were sown to the prepared pots and grown in a growth room with 16-h fluorescent light per day for 2 weeks; then, a bacterial suspension (10 8 cells g −1 dry weight peat moss) or 10 mM MgSO 4 solution was used to drench the pot soils. At 2 WAT, plants were harvested, and primary root and shoot lengths (cm), as well as root and shoot dry weights (mg), were determined as described above. To assess water-soluble phosphate levels, peat moss (5 g) from the pots was sampled at 0, 1, 2, 3 and 4 weeks after bacterial treatments, placed in 50 mL of sterile distilled water, and incubated in a shaker (120 rpm) at 28 ∘ C for 30 min. After centrifuging the mixtures at 10 000 g for 10 min, the supernatants were used to determine water-soluble phosphate levels as described above.
To assess biocontrol activity, pepper plants grown under the P-deficient or -sufficient conditions were prepared as described above. Four-week-old pepper plants were treated with bacterial suspensions, and 1 week later, Ph. capsici zoospores were inoculated. Disease severity was assessed on 13 and 14 days after inoculation in repeated experiments. Bacterial treatment, zoospore inoculation and disease assessment were conducted using the procedures described in the biocontrol and total microbial activity sections. The experiments were conducted twice with three replicates per treatment for soluble phosphate tests and 10 replicates per treatment for plant growth and biocontrol tests.
Statistical analysis
The experiments were established with completely randomised designs, except for tests under P-deficient and -sufficient conditions, in which a split plot design was used for the P condition as the main plot factor, and treatment was used as the subplot factor. Statistical analysis of the data was conducted using Statistical Analysis Systems software (SAS Institute, Cary, NC, USA). Data from repeated experiments, in which treatments showed consistent results, were pooled after confirming homogeneity of variances by Levene's test (Levene, 1960) and were statistically analysed. For analysis of ordinal data (i.e. disease severity), a non-parametric analysis was used based on ranks of the data. The microbial population data were analysed after logarithmic transformation. A contrast analysis of disease severity was performed to compare the data between P-deficient and -sufficient conditions. Multiple comparisons based on the least significant difference (LSD) test were also performed to examine differences in mean ranks. Analysis of variance was determined using the general linear model procedure; the means were compared using the LSD test at P < 0.05.
Results
Identification of strain ISE14 as Chryseobacterium sp.
Strain ISE14, which is a PGPR antagonistic to Ph. capsici on pepper plants, was identified as Chryseobacterium sp. based on 16S rRNA gene sequence analysis (Fig. 1) . When the 16S rRNA gene sequence (1442 nucleotides) of strain ISE14 was compared with published sequences of related species in the genus Chryseobacterium, strain ISE14 exhibited the highest similarities, 98.5% and 98.4%, to Chryseobacterium viscerum 687B-08 T (FR871426) and Chryseobacterium lactis NCTC 11390 T (JX100821), respectively. However, in a phylogenetic tree constructed with 16S rRNA gene sequences, strain ISE14 did not closely cluster with these species in the genus Chryseobacterium (Fig. 1) . The 16S rRNA gene sequence of strain ISE14 was deposited in GenBank (accession number: EU034659), and the strain was preserved as Chryseobacterium sp. ISE14 (KACC 91370P) in the Korean Agricultural Culture Collection (KACC) of National Institute of Agricultural Biotechnology (Wanju, Korea).
Biocontrol activity and plant growth promotion by Chryseobacterium sp. ISE14
Strain ISE14 significantly (P < 0.05) reduced the severity of disease in 5-week-old pepper plants inoculated with Ph. capsici compared with that of plants inoculated with the MgSO 4 solution (untreated control) ( Table 1) .
Positive control strains EXTN-1 and AC-1 also significantly (P < 0.05) reduced disease severity compared with that of the untreated control; however, negative control strain DH5 did not (Table 1 ). In addition, strain ISE14 significantly (P < 0.05) stimulated pepper plant growth, including both the lengths and dry weights of shoots and roots of pepper seedlings compared with those of the untreated control (Fig. 2) . Plant growth-positive control strain EXTN-1 and biocontrol-positive control strain AC-1 also significantly (P < 0.05) increased pepper growth compared with that of the untreated control, whereas the negative control strain DH5 did not. Strain ISE14 exhibited the greatest plant growth (shoot length and dry weight, and root length and dry weight) of all treatments (Fig. 2) . Bacterial population and confocal laser scanning microscopy observations of roots colonised by Chryseobacterium sp. ISE14
Strain ISE14 and positive control strains EXTN-1 and AC-1 colonised pepper roots (basal, mid and distal root segments) at significantly (P < 0.05) greater levels than negative control strain DH5 at 2 and 4 WAT ( Table 2 ). In particular, strain ISE14 colonised basal root and distal root segments at 2 WAT, but not at 4 WAT, better than strains EXTN-1 and AC-1. All tested strains colonised pepper roots better at 2 WAT than at 4 WAT. In addition, the tested strains colonised well pepper roots regardless of the root segment and showed no differences in preference for root sites at 2 and 4 WAT ( Table 2 ). Cells of the tested strains were not detected in the MgSO 4 -treated roots at 2 and 4 WAT.
When root colonisation by the tested strains was observed by CLSM, all tested strains showed the ability to colonise the distal roots at 0 DAT (Fig. 3A-3D ). However, strain ISE14 showed a greater ability to colonise root segments than that of negative control strain DH5 at 3 and 7 DAT and positive control stains EXTN-1 and AC-1 at 7 DAT (Fig. 3A-3D ). Bacterial cells were not observed on MgSO 4 -treated distal roots. Additionally, the ISE14 population on the distal roots was significantly (P < 0.05) more than that of strains DH5 and AC-1 at 0-7 DAT, but not that of strain AC-1 at 7 DAT (Fig. 3A-3D ). The strain EXTN-1 (positive control for plant growth) population was not significantly (P < 0.05) different from that of strain ISE14 over 7 DAT (Fig. 3C and 3D) .
Total microbial activity, biofilm formation and indole acetic acid production of Chryseobacterium sp. ISE14
Soil microbial activity in pots with pepper plants treated with strain ISE14 was significantly (P < 0.05) greater than that of pots with the untreated and negative controls at 2 WAT (Table 3 ). Strains AC-1 and EXTN-1 also showed significantly (P < 0.05) greater microbial activity than that of the controls. In addition, strains ISE14 and AC-1 exhibited the greatest microbial activity of all treatments (Table 3 ). Numbers (means ± SDs, n = 6) in the micrographs indicate the log colony-forming units (CFU) cm −1 length of distal root segments colonised by each gfp-tagged strain. Different letters in the micrographs indicate significant (P < 0.05) differences between bacterial strains at a given DAT according to the least significant difference (LSD) test.
In a microtiter plate assay, strain ISE14 showed significantly (P < 0.05) greater biofilm formation ability than control strains EXTN-1, AC-1 and DH5 ; however, unlike strain DH5 , the strain ISE14 population was not significantly (P < 0.05) different from that of strains EXTN-1 and AC-1 (Table 3 ). In the IAA production assay, IAA production and the strain ISE14 population were not significantly (P < 0.05) different from those of strains EXTN-1 and AC-1 (Table 3) . Negative control strain DH5 showed the greatest IAA production and largest bacterial population among the tested strains.
In vitro soluble phosphate and phosphatase activity of Chryseobacterium sp. ISE14 under P-deficient and -sufficient conditions
In the initial assessment of phosphate solubilisation, strain ISE14 [clear halo zone = 3.1 ± 0.5 mm (mean ± SD)] generated the largest clear zones, followed by strains EXTN-1 (1.3 ± 0.5 mm, positive control for plant growth), AC-1 (0.3 ± 0.5 mm, positive control for biocontrol) and DH5 (0.1 ± 0.4 mm, negative control) on NPRIP medium 7 days of incubation (Fig. S1, Supporting information) . 'Nockwang') plants. b Biofilms were measured at OD 595 after bacterial strains were grown on 96-well polyvinyl chloride microtiter plates with biofilm medium for 2 days at 28 ∘ C.
Bacterial growth expressed as colony-forming units (CFU) was evaluated on nutrient agar (NA) after 2 days of incubation. c Indole acetic acid (IAA) in the culture supernatant of cells grown in Luria-Bertani medium supplemented with 500 g mL −1 tryptophan for 5 days at 28 ∘ C was measured at OD 530 . Bacterial growth was evaluated on NA after 5 days of incubation. d Means ± SDs (n = 6 for microbial activity, n = 14 for biofilm and n = 10 for IAA) with different letters are significantly (P < 0.05) different between treatments according to the least significant difference (LSD) test. e The untreated control was used as a blank for measuring the OD and bacteria were not detected.
However, the untreated control showed no clear zone on the medium (Fig. S1 ). When the production of water-soluble phosphate by the tested bacterial strains were quantitatively assessed in TRP (P-deficient condition) and M9 (P-sufficient condition) media, strain ISE14 in TRP medium produced significantly (P < 0.05) more soluble phosphate than the negative and positive control strains from 2 to 4 days after inoculation and the negative control strain at 5 days after inoculation ( Fig. 4A-a) . All of the tested strains produced more water-soluble phosphate in M9 medium than in TRP medium, and strain ISE14 produced the highest levels of soluble phosphate among the tested strains from 2 to 5 days after inoculation (Fig. 4A-b) . The positive control strains EXTN-1 and AC-1 produced more soluble phosphate than the negative control strain DH5 4 and 5 days after inoculation (Fig. 4A-b) . All tested strains reduced the pH in TRP and M9 media over incubation time; except for the negative control strain DH5 , all strains reduced the pH more in M9 medium than in TRP medium (Fig. 4B) . The pHs of the TRP media inoculated with strain ISE14 were generally similar to those of other control strains during incubation; however, in M9 medium, strain ISE14 significantly (P < 0.05) reduced the pH compared with strains EXTN-1, AC-1 and DH5 (Fig. 4B ) over time.
In addition, the tested bacterial strains produced more acid and alkaline phosphatases in M9 medium than in TRP medium (Fig. 4C) . In both TRP and M9 media, all strains produced more acid phosphatase than alkaline phosphatase. Strain ISE14 produced significantly (P < 0.05) higher levels of acid and alkaline phosphatases in TRP and M9 media than those of other control strains, except for alkaline phosphatase by strains DH5 and AC-1 in M9 medium (Fig. 4C) .
In vivo plant growth, soluble phosphate and biocontrol activity of Chryseobacterium sp. ISE14 under P-deficient and -sufficient conditions
In the plant assay, pepper plants grew better in P-sufficient conditions than in P-deficient conditions (Fig. 5A) . Under P-deficient conditions, strain ISE14 significantly (P < 0.05) increased shoot length and dry weight relative to those of the negative control strain DH5 and increased shoot dry weight relative to that of the untreated control ( Fig. 5A-a) . Strain ISE14 significantly (P < 0.05) increased root length and dry weight more than the untreated control and root dry weight more than strain DH5 . In contrast, shoot and root growth after treatment with strain ISE14 was not different from that after treatment with positive control strains EXTN-1 (plant growth) and AC-1 (biocontrol) (Fig. 5A-a) . Similarly, under P-sufficient conditions, strain ISE14 significantly (P < 0.05) increased shoot length relative to that of strain EXTN-1 and the untreated control; the strain increased shoot dry weight more than strains AC-1, DH5 and the untreated control (Fig. 5A-b) . Strain ISE14 (P < 0.05) also stimulated root length and dry weight more than the untreated control; it stimulated root dry weight more than all negative and positive control strains (Fig. 5A-b) .
The increase in the levels of soluble phosphate by the tested bacterial strains was more under P-sufficient conditions than under the P-deficient conditions during 4 WAT (Fig. 5B) . Under P-deficient conditions, strain ISE14 Figure 4 Changes in (A) soluble phosphate, (B) pH and (C) production of acid and alkaline phosphatases by Chryseobacterium sp. ISE14 compared with those by Pa. polymyxa AC-1 (positive control for biocontrol), B. vallismortis EXTN-1 (positive control for plant growth) and E. coli DH5 (negative control) during 5 days after inoculation in (a) TRP (P-deficient condition) and (b) M9 (P-sufficient condition) media. Acid and alkaline phosphatase activities in the media were determined 5 days after inoculation with a bacterial strain or 10 mM MgSO 4 solution (untreated control). Different letters on dots or columns with error bars (SD, n = 10) indicate significant (P < 0.05) differences between bacterial strains at a given day according to the least significant difference (LSD) test.
generally caused the greatest increase in production of soluble phosphate of all treatments over time ( Fig. 5B-a) . Similarly, under P-sufficient conditions, strain ISE14 generated significantly (P < 0.05) more soluble phosphate than the treatments from 2 to 4 WAT (Fig. 5B-b) . In addition, the plant growth-promoting control strain EXTN-1 produced more soluble phosphate than strains AC-1 and DH5 and the untreated control under P-sufficient conditions ( Fig. 5B-b) . Soluble phosphate of the untreated control was lowest among the treatments in both P-deficient and -sufficient conditions (Fig. 5B) .
When a contrast analysis of disease severity data from plants grown in P-deficient and -sufficient conditions was conducted, treatments with strains AC-1 and DH5 and the untreated control resulted in more disease under P-sufficient conditions than under P-deficient conditions (Table 4 ). In contrast, disease severity was not different after treatment with strain ISE14 or EXTN-1, regardless of the P condition. Under P-deficient conditions, strains ISE14, AC-1 and EXTN-1 significantly (P < 0.05) reduced disease severity compared with that of the untreated and negative controls. Similarly, under P-sufficient conditions, strain ISE14 and the positive control strains reduced disease compared with that of the untreated and negative controls (Table 4) .
Discussion
In our previous study, we showed that bacterial strain ISE14 suppressed Phytophthora blight and increased fruit yields of pepper plants in the fields .
In this study, we demonstrated that strain ISE14, identified as Chryseobacterium sp., was a phosphate-solubilising PGPR antagonistic to Ph. capsici in pepper plants. We also . Plant development and soluble phosphate levels were determined at 2 weeks after treatment on 2-week-old pepper (cv. 'Nockwang') plants grown under these conditions; soluble phosphate levels were determined at 0-4 weeks after treatment (WAT). Different letters on dots (n = 6) or columns (n = 20) with error bars (SD) indicate significant (P < 0.05) differences between treatments according to the least significant difference (LSD) test.
showed that root colonisation, biofilm formation and soil microbial activity of the strain were related to biocontrol and plant growth promotion in pepper plants. Plant growth promotion by the strain ISE14 could be facilitated by phosphate solubilisation, but not primarily by IAA production.
Many rhizobacteria such as Bacillus, Paenibacillus and Pseudomonas are known as PGPR strains and/or biocontrol agents against soilborne plant diseases caused by Phytophthora, Pythium, Fusarium, Rhizoctonia and Sclerotium (Compant et al., 2005; Kim et al., 2009; Sang & Kim, 2014; Eljounaidi et al., 2016; Korir et al., 2017; Thampi & Bhai, 2017) . These rhizobacteria can produce various secondary metabolites including antibiotics, extracellular enzymes, biosurfactants, IAA, 1-aminocyclopropane-1-carboxylate (ACC) deaminase or volatile organic compounds (VOCs) for biocontrol and/or plant growth-promoting activity (Penrose & Glick, 2003; Albareda et al., 2006; Khabbaz et al., 2015) . For example, fluorescent Pseudomonas spp., which show biocontrol activity against soilborne plant diseases, are known not only to produce polyketide antibiotic, 2,4-diacetylphloroglucinol (2,4-DAPG), phenazine, pyoluteorin, pyrrolnitrin and hydrogen cyanide (HCN) but also to efficiently colonise plant roots (Guo et al., 2007; Liu et al., 2007) . More recently, Sang & Kim (2012a) showed that F. johnsoniae efficiently colonised pepper roots as a result of biofilm formation and produced indolic compounds, biosurfactant and an antimicrobial VOC, 2,4-di-tert-butylphenol. They also found that these activities contributed to biocontrol of Ph. capsici on pepper plants. In particular, they revealed that 2,4-di-tert-butylphenol inhibited mycelial growth, sporulation, and zoospore germination of Ph. capsici and its infection of radicles, thereby reducing Phytophthora blight in pepper plants (Sang et al., 2011; Sang & Kim, 2012a) . In this study, Chryseobacterium sp. strain ISE14 showed greater biocontrol efficacy against Ph. capsici on pepper plants than that of the negative control strain E. coli DH5 and the MgSO 4 untreated control; this strain exhibited similar biocontrol activity compared with the positive control strains Pa. polymyxa AC-1 (biocontrol) and B. vallismortis EXTN-1 (plant growth). Disease reduction by this strain might result from efficient root colonisation by the formation of biofilms to protect the infection courts against Ph. capsici as observed in this study, but not by producing antimicrobial volatile compounds as reported by Sang et al. (2011) . Although pepper root colonisation by strain ISE14 in a complex soil environment was not examined in this study, we previously observed that drench treatment with this strain significantly inhibited the root infection by Ph. capsici in the fields . Protection of infection courts by bacterial colonisation and biofilm formation has been also reported in pepper roots treated by two antagonistic strains of Pseudomonas corrugata (Sang & Kim, 2014) . These Ps. corrugata strains are motile and were demonstrated to have swimming and swarming activities and react to pepper root exudates such as amino acids, organic acids and sugars (Sang & Kim, 2014) . These traits were considered to play a significant role in their ability to colonise and form biofilms on plant roots. Previously, Gamalero et al. (2004) and Haggag & Timmusk (2008) observed similar phenomena: Pseudomonas and Paenibacillus spp. had root-colonising abilities that were associated with biocontrol of soilborne plant pathogens. Additionally, the results of increased soil microbial activity by strain ISE14 and positive control strains, Pa. polymyxa AC-1 and B. vallismortis EXTN-1 in this study indicate that these strains might influence biocontrol activities of other soil microorganisms as observed in a field study of community composition and microbial populations in pepper rhizospheres (Sang & Kim, 2012b) . This soil microbial activity has been reported to negatively correlate with Phytophthora root and crown rot caused by Ph. capsici (Kim et al., 1997) .
Plant growth promotion by various soil microorganisms may be associated with microbial secretion of secondary substances including antimicrobial compounds, siderophores or HCN. These compounds may limit survival and development of deleterious plant pathogens, resulting in plant growth promotion (Vassilev et al., 2006; Hamdali et al., 2008; Sang & Kim, 2012a , 2012b . In addition, soil microorganisms can directly increase plant growth by producing plant growth hormones or phytohormones including IAA, gibberellin or cytokinin (Gutiérrez-Mañero et al., 2001; Dodd et al., 2010; Mehta et al., 2013) . However, plant growth is generally associated with the availability of carbon (C), N, P or other minerals in soil, and this nutrient availability can be increased by soil microorganisms (Vessey, 2003) . In this regard, phosphate-solubilising bacteria can significantly alter P availability in soils. The soil bacteria such as Arthrobacter, Bacillus, Enterobacter, Flavobacterium, Micromonospora, Pseudomonas, Rhodococcus and Serratia spp. can convert insoluble phosphate to a soluble form, facilitating absorption of P by plant roots and promoting plant growth (Rodríguez & Fraga, 1999; El-Tarabily et al., 2008; Mehta et al., 2013) . In general, organic or inorganic P solubilisation by soil bacteria can result from the production of acid and alkaline phosphatases, phytases, phosphonatases and C-P lyases, or the production of organic acids that can lower pH, enhance chelation of the cations bound to P, compete with P for adsorption sites on the soil, or form soluble complexes with metal ions associated with insoluble P (Sharma et al., 2013) .
Strain ISE14 tested in this study promoted pepper growth (lengths and dry weights of shoots and roots) perhaps by increasing the amounts of soluble phosphate available through phosphate solubilisation. This solubilisation may occur by the production of acid and alkaline phosphatases and reduction in pH, possibly by organic acids produced by the stain. However, this plant growth promotion may not be primarily by the production of IAA since negative control strain E. coli DH5 produces significant amounts of IAA without promoting plant growth. In addition, strain ISE14 enhanced pepper growth more than positive control strains Pa. polymyxa AC-1 and B. vallismortis EXTN-1, in which these three strains produced similar levels of IAA. Efficient root colonisation by strain ISE14 might also be associated with increasing pepper biomass, as shown in wheat and maize by Pseudomonas aurantiaca SR1 (Rosas et al., 2009) and in our previous field tests . In addition, the phosphate-solubilising strain ISE14 and positive control strains Pa. polymyxa AC-1 and B. vallismortis EXTN-1 exhibited a potential in controlling Ph. capsici, regardless of whether plants were grown under P-deficient and -sufficient conditions. However, plants grown under P-sufficient conditions that were treated with negative strain E. coli DH5 and the MgSO 4 control, showed more severe disease than those grown under P-deficient conditions, indicating that soil nutrient status may affect susceptibility of plants, virulence of the pathogen or their interaction.
Taken together, our results suggest that Chryseobacterium sp. strain ISE14 inhibits Ph. capsici infection on pepper plants by protecting the plants through root colonisation and biofilm formation, and stimulates plant growth via phosphate solubilisation mediated through means other than IAA production. Therefore, strain ISE14 is a phosphate-solubilising PGPR that suppresses Phytophthora blight in pepper plants. Practically, strain ISE14 can be used for controlling this disease by root-dip treatments at transplanting or drench treatments into pepper plants in greenhouses or fields. For consistent control efficacy, this strain may be applied with other disease control measures (e.g. use of low dosage of agrochemicals). To our knowledge, this is the first report of a phosphate-solubilising PGPR strain of Chryseobacterium sp. that suppresses the pepper disease.
